CNT2 (concentrative nucleoside cotransporter) is a plasma membrane high-affinity Na + -coupled adenosine transporter, also localized in intracellular structures. This transporter protein may play additional roles other than nucleoside salvage, since it has recently been shown to be under purinergic control via K ATP channels, by a mechanism that does not seem to involve changes in its subcellular localization. In an attempt to identify the agents that promote CNT2 trafficking, bile acids were found to increase CNT2-related transport activity in a K ATP channel-independent manner in both Fao hepatoma and rat liver parenchymal cells. A maximum effect was recorded after treatment with hydrophilic anions such as TCA (taurocholate). However, this effect did not involve changes in the amount of CNT2 protein, it was instead associated with a subcellular redistribution of CNT2, resulting in an accumulation of the transporter at the plasma membrane. This was deduced from subcellular fractionation studies, biotinylation of plasma membrane proteins and subsequent CNT2 detection in streptavidin precipitates and in vivo confocal microscopic analysis of the distribution of a YFP (yellow fluorescent protein)-CNT2 construct. The induction of CNT2 translocation, triggered by TCA, was inhibited by wortmannin, dibutyryl-AMPc, PD98059 and colchicine, thus suggesting the involvement of the PI3K/ERK (phosphoinositide 3-kinase/extracellular-signal related kinase) pathway in microtubule-dependent activation of recombinant CNT2. These are novel effects of bile-acid physiology and provide the first evidence for short-term regulation of CNT2 translocation into and from the plasma membrane.
INTRODUCTION

CNT2 (SLC28A2) is a Na
+ -coupled concentrative nucleoside cotransporter that preferentially translocates purine nucleosides across the plasma membrane (for recent reviews see [1] [2] [3] ). CNT2 cDNA was initially isolated by expression cloning in Xenopus oocytes using a rat liver cDNA library and was originally called SPNT (sodium-purine nucleoside transporter) [4] . However, CNT2 is expressed in most epithelia and in cells of the immune system [5] [6] [7] . In liver parenchymal cells, it is located at the sinusoidal pole and in intracellular compartments [8] . CNT2 mRNA is up-regulated during cell-cycle progression in synchronized proliferating cultured rat hepatoma Fao cells [9] , and the amount of CNT2 protein is increased in regenerating rat liver soon after hepatectomy [10] . Moreover, CNT2 is expressed in differentiated hepatocytes and accordingly its expression is lost in chemically-induced hepatocarcinogenesis [11] .
Recent data regarding CNT2's properties point to a role beyond the mere salvage of extracellular nucleosides. A link between CNT2 function and energy metabolism has recently been provided by the demonstration that CNT2-mediated uptake of adenosine into IEC (intestinal epithelial cells)-6 activates AMPK (AMP-dependent protein kinase), thus promoting the phosphorylation of downstream targets such as acetyl CoA carboxylase-1 (I. Aymerich, F. Foufelle, P. Ferré, F. J. Casado and M. PastorAnglada, unpublished work). In turn, CNT2 may modulate extracellular adenosine levels, since it had the highest affinity for adenosine (apparent K m value of 8 µM) [4] . Although adenosine also binds to CNT1 with high affinity [12] , adenosine transport via CNT1 is either very low or negligible [12, 13] . CNT2 co-localizes with A1R (adenosine 1 receptor) at the plasma membrane of Fao cells, whereas A1R has been localized at the basolateral domain of hepatocytes, as has CNT2 [8] . Moreover, CNT2-related transport activity is rapidly increased after A1R agonist activation in rat hepatocytes and hepatoma cells by a mechanism that requires functional K ATP channels but does not seem to be associated with changes in CNT2 abundance at the plasma membrane [14] .
Nevertheless, the occurrence of CNT2 protein in intracellular stores (present study and [8] ) prompted us to examine whether CNT2 activity might be regulated by changes in its subcellular distribution in rat liver parenchymal cells. Among a panel of putative modulators, bile acids were chosen since they regulate nucleoside metabolism in regenerating rat liver in which CNT2-related transport activity is up-regulated [10] . In particular TCA (taurocholate) promotes either nucleoside catabolism or incorporation into DNA, dependent upon nutritional status [15, 16] . Moreover, bile acids are bioactive molecules. They are physiological ligands for the farnesoid X receptor [17, 18] and they transcriptionally modulate enzymes involved in their metabolism [19] [20] [21] , as well as the basolateral bile acid cotransporter NTCP Abbreviations used: A1R, adenosine 1 receptor; AMPK, AMP-dependent protein kinase; BSEP, bile-salt export pump; GCDCA, glycochenodeoxycholic acid; CHO, chinese hamster ovary; CNT2, concentrative nucleoside cotransporter; DCA, deoxycholic acid; ERK, extracellular-signal related kinase; IEC-6, intestinal epithelial cells-6; MAPK, mitogen-activated protein kinase; MEK, MAPK/ERK kinase; NTCP, Na + /TCA co-transporting polypeptide; PKC, protein kinase C; PI3K, phosphoinositide 3-kinase; rCNT2, recombinant CNT2; TCA, taurocholate; TUDCA, tauroursodeoxycholic acid; UDCA, ursodeoxycholic acid; YFP, yellow fluorescent protein. 1 Present address: Departamento de Bioquímica y Biología Molecular-II, Universidad Complutense, E-28040 Madrid, Spain. 2 To whom correspondence should be addressed (email mpastor@ub.edu).
(Na + /TCA co-transporting polypeptide) [22] . Bile acids also promote the translocation of their own BSEP transporter, (bile-salt export pump), into the canalicular membrane [23] . Furthermore, bile acid transport from the sinusoid to the canalicular domain of hepatocytes requires the polarized localization of particular transporter proteins, the expression and activity of which are also dependent upon the differentiation status of hepatocytes, as well as on bile acids themselves [24] (for a recent review see [25] ). In the present study we demonstrate that bile acids rapidly increase CNT2-related transport activity by changing its subcellular localization, thus increasing its expression at the plasma membrane. This mechanism is sensitive to inhibition of the PI3K/ERK (phosphoinositide 3-kinase/extracellular-signal related kinase) transduction pathway, but is independent of the K ATP -mediated activation of CNT2 described previously [14] . More interestingly, this is a novel observation in bile acid physiology and provides the first evidence for short-term regulation of CNT2 translocation into/from the plasma membrane.
MATERIALS AND METHODS
Chemicals and reagents
Colchicine, DCA (deoxycholic acid), GCDCA (glycochenodeoxycholic acid), TCA anions, UDCA (ursodeoxycholic acid), dibutyryl-AMPc, cycloheximide and the tyrosine kinase inhibitor genisteine were purchased from Sigma-Aldrich (Saint Louis, MO, U.S.A.). The selective and cell-permeable MAPK (mitogen-activated protein kinase)/MEK (MAPK/ERK kinase) inhibitor PD 98059, and the selective and irreversible inhibitor of PI3K, wortmannin were from Calbiochem (La Jolla, CA, U.S.A.). [ 3 H]Guanosine was from Moravek (Brea, CA, U.S.A.) and [γ -32 P]ATP was from Amersham Biosciences (Buckinghamshire, U.K.). Proteina A-agarose was from Roche Molecular Biochemicals (Mannheim, Germany). All other reagents were of analytical grade.
Fao and HepG2 cells, isolated rat hepatocytes and culture conditions
The rat hepatoma cell line Fao [purchased from the ECACC (European Collection of Cell Cultures)] was routinely cultured in Coon's F12 medium supplemented with 10 % (v/v) foetal calf serum, 2 mM glutamine and a mixture of antibiotics (100 units/ml penicillin G, 0.1 mg/ml streptomycin and 0.25 µg/ml fungizone). This cell line, which is derived from the H4IIEC3 cell line Reuber H35 is well differentiated, expresses numerous liver-specific enzymes and transcription factors [26] , and retains significant CNT2 activity and expression [9] .
The human hepatocyte carcinoma cell line HepG2 (ECACC) was cultured in Dulbeco's modified Eagle's medium supplemented with 10 % (v/v) foetal calf serum, 2 mM glutamine and a mixture of antibiotics.
All animals used in this study were maintained, handled and killed according to the European Union laws on biomedical research involving laboratory animals. Hepatocytes were isolated from male Wistar rats by the classical anterograde collagenase perfusion method as described previously [27] . Isolated hepatocytes were then seeded in Earle's E-199 medium supplemented with 2 % (v/v) foetal calf serum and a mixture of antibiotics (100 units/ml penicillin G, 0.1 mg/ml streptomycin and 0.25 µg/ ml fungizone).
Primary cultures were analysed 15 h after seeding, and Fao cells were used at 60-70 % confluence. Before monitoring the effects of bile acids on nucleoside transport activity and carrier expression, primary cultures and cell lines were incubated overnight in a serum-free BSA-supplemented medium.
Measurement of CNT2 activity
Nucleoside transport activity was monitored in cultured hepatocytes, and Fao hepatoma cells in either Na + -containing or Na + -free medium, as previously described [9] . Cells were cultured either in the presence or absence of different bile acids (DCA, GCDCA, TCA and UDCA) and the uptake of 1 µM guanosine was measured in the presence of either 137 mM NaCl or 137 mM C 5 H 14 CINO. The uptake medium also contained 5.4 mM KCl, 108 mM CaCl 2 , 1.2 mM MgSO 4 and 10 mM Hepes (pH 7.4). Incubation was stopped after 1 min of initial velocity conditions in the two cell system [9] by washing the monolayers twice in 2 ml of cold buffer composed of 137 mM NaCl and 10 mM tris(hydroxymethyl) aminomethane-Hepes (pH 7.4). Cells were then dissolved in 100 µl of 100 mM NaOH, 0.5 % (v/v) Triton-X-100. Aliquots were sampled for protein determination by Bradford's method (Bio-Rad Laboratories, Madrid, Spain) and for radioactivity measurements. The specificity of the CNT2 activity assay was based upon the observation that the uptake of guanosine (a substrate for both CNT2 and CNT3 transporters) could not be inhibited by cytidine (a substrate of CNT3 but not CNT2) [28, 29] . Moreover, besides having a broader selectivity as a nucleoside transporter substrate, adenosine is also a purinergic agonist, thus making guanosine a less 'bioactive' substrate than adenosine itself. In functional terms, changes in CNT2-related transport function will affect any CNT2 substrate equally [14] .
Western blot analysis
Antibodies against ERK1/2 and anti-(phospho-ERK1/2) were purchased from Promega (Madison, WI, U.S.A.) and used at dilutions of 1:5000 and 1:2000 respectively. The monoclonal antibody against the α1-subunit of the Na + /K + -ATPase was from Developmental Studies Hibrydoma Bank (Department of Biological Sciences, University of Iowa, IA, U.S.A.) and used at a dilution of 1:200. The monospecific anti-CNT2 and anti-CNT1 polyclonal antibodies were generated and characterized in our laboratory [5, 10] , and after purification of the IgG fraction were routinely used at dilutions of 1:1000 and 1:2000 respectively.
For Western blotting of CNT2, CNT1 and α1-subunit of the Na + /K + -ATPase, cell extracts were obtained by washing cell monolayers in PBS at specific timepoints, and then scraped off into in a buffer consisting of 0.5 % (v/v) Triton X-100 and 100 mM Tris/HCl (pH 7.4), supplemented with a mixture of protease inhibitors (Complete MINI, Roche).
For Western blot analysis of ERK1/2 phosphorylation, cells were incubated with 250 µM TCA, and then treated with Triton lysis buffer [50 mM Hepes (pH 7.4), 150 mM NaCl, 100 mM NaF, 10 mM EDTA, 10 mM Na 4 P 2 O 7 , 2 mM Na 3 VO 4 , 1% Triton X-100 and supplemented with a mixture of protease inhibitors] at specific time points. Extracts were then centrifuged for 5 min at 13 200 g, 20 µg and 40 µg samples of the supernatants were used for Western blots of ERK 1/2 and anti-(phospho-ERK1/2) respectively.
Isolation of plasma membrane and microsomal fractions
Plasma and microsomal membrane fractions were prepared from incubated cells by differential centrifugation. Briefly, liver parenchymal or Fao cells were washed and sonicated in 0.3 M sucrose containing protease inhibitors. The plasma membrane fraction was obtained by centrifugation at 200 000 g for 60 min on a discontinuous 1.3 M sucrose gradient, as described previously [30] . After removing the plasma membrane fraction, the sucrose gradient was sonicated, diluted to 0.3 M and centrifuged at 17 000 g for 30 min. The resulting supernatant was centrifuged at 200 000 g for 60 min to yield the microsomal membrane fraction.
The protein content of these samples was measured according to the Bradford method and 10-30 µg aliquots of protein were used for PAGE and transferred on to IMMOBILON-p Membrane filters (Millipore), as previously described [5] . After probing the blots with the antibodies described above, a secondary peroxidasecoupled anti-rabbit antibody was used at a 1:2000 dilution. Blots were exposed to high-sensitivity films and developed using an ECL ® (enhanced chemiluminesence) technique (Amersham Pharmacia).
Biotinylation of plasma membrane proteins
Fao cells were washed twice in PBS containing 1 mM MgCl 2 and CaCl 2 and then incubated with 500 µM Sulfo-NHS-Biotin (Pierce) in the same buffer for 30 min at room temperature. Cells were washed in PBS containing 2 % (v/v) 2-mercaptoethanol to quench the remaining biotin, and twice more in PBS alone. Cells were then lysed with a buffer containing 50 mM NaPO 4 , 1 % (v/v) Triton X-100, 300 mM NaCl and protease inhibitors and centrifuged at 16 000 g for 30 min at 4
• C. The protein concentration of the supernatant was measured by the Bradford method and equal amounts of protein from each sample were incubated with 30 µl of streptavidin-agarose beads for 90 min with constant rotation at 4
• C. Beads were washed twice in PBS/500 mM NaCl and once in PBS alone. The complexes were dissociated with 30 µl of SDS/PAGE sample buffer heated to 100
• C for 5 min and then run on a 10 % acrylamide gel.
Generation of a YFP (yellow fluorescent protein)-rCNT2 (recombinant CNT2) construct and analysis of YFP-rCNT2 insertion into the plasma membrane
A rCNT2 cDNA, kindly donated by Dr Ruben Boado (Department of Medicine, UCLA, CA, U.S.A.) [31] was subcloned into the pE(enhanced)YFP-C1 vector (Clontech) using the EcoR1 and SmaI restriction sites at the 5 and 3 ends respectively. This resulted in a tagged rCNT2 with YFP at the N-terminus which was sequenced and transiently transfected into CHO (chinese hamster ovary) cells using FuGENE TM 6 Transfection Reagent (Boehringer). CHO cells were chosen because they are easily transfected and provide a suitable background with no CNT2-related transport activity. The kinetic properties of the tagged and parental cDNA were assayed by measuring guanosine uptake in either an NaCl or a C 5 H 14 CINO containing medium as described above, over a range of substrate concentrations, 0.5-150 µM.
HepG2 cells were transiently transfected using Lipofectamine TM (Invitrogen) according to the manufacturer's instructions. Cells were treated with or without 250 µM TCA for 1 h and then washed with PBS and fixed with 4 % paraformaldehyde/0.06 M sucrose for 15 min. Samples were mounted with medium suitable for visualizing immunofluorescence (ICN, Costa Mesa, CA, U.S.A.) and analysed using an Olympus Fluoview 500 confocal microscope (Olympus model IX-70 inverted fluorescence microscope).
PI3K activity
PI3K activity was measured by the amount of in vitro phosphorylation of PI as previously described [32] . At the end of the culture period cells were washed with ice-cold PBS, solubilized in lysis buffer [10 mM Tris/HCl, 5 mM EDTA, 50 mM NaCl, 30 mM Na 4 O 7 P 2 , 50 mM NaF, 100 µM Na 3 VO 4 , 1% Triton X-100 (pH 7.6)] containing 10 µg/ml leupeptin, 10 µg/ml aprotinin and 1 mM PMSF. Lysates were purified by centrifugation at 15 000 g for 10 min at 4
• C, and proteins were immunoprecipitated using a polyclonal anti-p85α PAN antibody (Upstate Biotechnology Inc., NY, U.S.A.). The immune complexes were collected on Protein A-agarose. The immunoprecipitates were washed successively in PBS containing 1 % Triton X-100 and 100 µM Na 3 VO 4 (twice), 100 mM Tris (pH 7.5) in PBS containing 0.5 M LiCl, 1 mM EDTA and 100 µM Na 3 VO 4 (twice), and in 25 mM Tris (pH 7.5) containing 100 mM NaCl and 1 mM EDTA (twice). To each pellet were added 25 µl of 1 mg/ml L-a-phosphatidylinositol/La-phosphatidyl-L-serine sonicated in 25 mM Hepes (pH 7.5) and 1 mM EDTA. The PI3K reaction was started by the addition of 100 nM [γ 32 P]ATP (10 µCi) and 300 µM ATP in 25 µl of 25 mM Hepes (pH 7.4)/10 mM MgCl 2 /0.5 mM EGTA, by vol. After 15 min at room temperature the reaction was stopped by the addition of 125 µl chloroform/250 µl methanol/125 µl HCl (10 mM) giving a 1 % concentration of HCl. The samples were centrifuged and the organic phase was removed and washed once with 480 µl of methanol/(100 mM HCl/2 mM EDTA; 1:1, v/v). The organic phase was extracted, dried and resuspended in chloroform. Samples were applied to a silica gel TLC plate (Whatman, Clifton, NJ, U.S.A.). TLC plates were developed in 2 M propan-1-ol/acetic acid (65:35, v/v), dried and visualized by autoradiography.
RESULTS
Bile acids do not up-regulate CNT2 protein expression in liver parenchymal cells
Since bile acids are known to transcriptionally activate the basolateral transporter gene NTCP, the first experiment was designed to monitor changes in the amount of CNT2 protein, as measured by Western blot analysis of crude extracts of Fao cells incubated with a panel of bile acids. DCA, GCDCA, TCA or UDCA did not significantly affect the amount of CNT2 protein (Figure 1 ), even after 10 h of treatment. Similar results were found when using primary cultures of rat hepatocytes (results not shown).
Bile acids up-regulate CNT2-related transport activity in liver parenchymal cells by modifying the subcellular localization of CNT2 protein
The effect of DCA, GCDCA, TCA and UDCA on Na + -dependent guanosine transport (by CNT2) was then monitored in Fao cells and primary cultures of rat liver parenchymal cells after incubating cells for 1 h with 250 µM of each bile acid.
TCA and UDCA increased CNT2-related transport activity in both cell types (Figures 2A and 2B ), but the effect of GCDCA on transport activity was only significant in Fao cells ( Figure 2B ). DCA treatment also showed a tendency to activate CNT2 in this hepatoma cell line ( Figure 2B ). Since these differences could also be due to the time-course of the activation triggered by each bile acid, we next monitored the time-course for CNT2 activity changes in Fao cells after incubating them with these four bile acids at the same concentration (250 µM) (Figure 3 ). All acids except DCA increased CTN2 transport activity, with peaks at approx. 1 and 2 h after treatment. In all cases the increase began between 30 and 60 min after bile acid treatment. Maximum activation was recorded after 60 min for TCA and UDCA. The concentration dependence of the TCA-triggered effect was then monitored. In Fao cells, TCA increased CNT2 activity 2-3-fold compared with control values, peaking at 250 µM (Figure 4) . Concentrations as low as 50-100 µM had a significant effect on transport activity (Figure 4) . Therefore TCA was chosen for further experiments. The amount of CNT2 protein was unchanged at 1 h after the addition of bile acids (Figure 1) , and blocking protein synthesis with 10 µg/ml cycloheximide did not inhibit the increase in CNT2-related transport activity (results not shown). Accordingly, this effect could not be caused by de novo CNT2 protein synthesis, therefore we examined the effect of TCA treatment on the amount of CNT2 protein at the plasma membrane. First we used subcellular fractionation to isolate plasma membrane and microsomal fractions. Plasma and microsomal membrane preparations were highly enriched in α1 Na + /K + -ATPase subunits, whereas the pyrimidine nucleoside transporter CNT1, which is mainly located in intracellular structures in liver parenchymal cells [8] , was barely detectable in the plasma membrane, but was enriched in the microsomal fraction [33] .
Treatment of Fao cells with 250 µM TCA for 1 h increased the amount of CNT2 protein in the plasma membrane fraction (approx. 2-fold compared with non-treated cells) with a parallel decrease in CNT2 protein in intracellular structures (a 2-fold decrease triggered by addition of TCA) ( Figure 5A ). This observation is consistent with a role for TCA in increasing the insertion of CNT2 transporters from intracellular compartments into the plasma membrane or slowing down the retrieval of CNT2 proteins from the plasma membrane.
To confirm our findings regarding the effect of TCA on the subcellular localization of CNT2 in Fao cells, plasma membrane proteins were biotinylated and CNT2 was then detected by Western blotting in streptavidin-precipitates. TCA (250 µM) increased the amount of biotinylated CNT2 protein in Fao cell extracts ( Figure 5B ).
Complementary evidence was obtained using a YFP-rCNT2 construct. To determine whether the addition of YFP to the transporter affected transport kinetics, a substrate concentrationdependent analysis of transport function was performed in CHO cells transiently transfected with either pcDNA3-rCNT2 or YFPrCNT2. CHO cells were chosen because they can be easily transfected and they lack endogenous CNT2-type transport activity. The tagged protein reached the membrane and had similar kinetic properties to the untagged rCNT2. Subsequently, HepG2 cells were transiently transfected with YFP-rCNT2 and treated for 1 h with TCA 250 µM. An increase in the level of the tagged protein in the plasma membrane was detected ( Figure 5C ).
Involvement of the PI3K/ERK pathway in bile-acid triggered activation of CNT2 in rat liver parenchymal cells
Bile acids are known to activate a variety of intracellular kinases, such as PKC (protein kinase C) isoforms, MAPKs and PI3K [34] [35] [36] . To investigate whether treatment with TCA results in increased PI3K activity, liver parenchymal cells (hepatocytes and Fao) were serum starved and subsequently stimulated with 250 µM TCA. The resulting lysates were assayed for PI3K activity as described in Materials and methods section. As shown in Figure 6 (A) liver parenchymal cells displayed almost undetectable PI3K activity in anti-p85α immunoprecipitates under control (non-treated cells) conditions. After treatment with TCA, the level of basal PI3K activity rapidly increased. In addition, 250 µM TCA also induced the phosphorylation of ERK1 and ERK2 in Fao cells, without affecting total amounts of unphosphoyrlated ERK1 or ERK2 ( Figure 6B ). To further explore whether this and/or other pathways are involved in the activation of CNT2, we monitored CNT2-related transport activity in Fao cells after 1 h of treatment with 250 µM TCA, pre-incubated for 30 min with selected signal transduction pathway inhibitors. A representative anti-CNT2 immunoblot and the corresponding densitometric analysis from three independent experiments are shown (upper panel). Data are expressed as the percentage increase in CNT2 expression over control values. Statistical significance was established using a Student's t test (*P < 0.05, **P < 0.01). Plasma and microsomal membrane fractions were also checked for enrichment of the α1 subunit of the Na + /K + -ATPase and the CNT1 transporter. As expected, plasma membranes are highly enriched in the Na + /K + -ATPase α1 subunit, whereas CNT1 which is known to be largely located in subcellular vesicles, shows a significant enrichment in microsomal membrane fractions in control and TCA treated cells (lower panel). Neither chelerytrine chloride (1 µM), a selective inhibitor of PKC or SB202192 (1 µM), a selective antagonist of p38MAPK, modified the activation of CNT2 triggered by TCA (results not shown), whereas the broad tyrosine kinase inhibitor, genistein (60 µM) slightly modified basal and TCA-activated CNT2 transport activities, without affecting CNT2 activation ( Figure 6C ). However, blocking the ERK pathway with the MEK inhibitor, PD98059 abolished the activation of CNT2 induced by TCA, although this partially but not exclusively accounted for a significant increase in basal guanosine uptake rates (absence of bile acid) following the addition of the inhibitor ( Figure 6C ). The PI3K inhibitor wortmannin (100 nM), dibutyryl-cAMP (100 µM), an activator of PKA (protein kinase A) which in turn can inhibit the MAPK pathway through Ras/Raf inhibition, and colchicin, (1 mM) a microtubule disruptor, all blocked the effect of TCA on CNT2-related activity, without affecting basal uptake rates ( Figure 6C ). Glybenclamide (50 µM), an inhibitor of K + ATP channels, known to block the purinergic activation of CNT2, did not affect the activation of CNT2 by TCA (results not shown). 
DISCUSSION
This study demonstrates that bile acids, particularly TCA and UDCA, activate the high-affinity adenosine transporter CNT2 in rat hepatocytes and hepatoma cells. Activation is achieved by promoting localization of the transporter to the plasma membrane, by a mechanism implicating the PI3K/Ras/MAPK signal transduction pathway (Figure 7) . A scheme that summarizes a hypothetical model for the signal transduction pathway involved in the regulation of CNT2-related activity by TCA in liver parenchymal cells is shown in Figure 7 .
The involvement of bile acids in protein trafficking in liver parenchymal cells has been well established for the insertion of BSEP at the canalicular membrane, thus contributing to the driving force required for bile flow [37] . Thus choleresis induced by tauroursodeoxycholic acid (TUDCA) is associated with translocation of BSEP by a mechanism that is dependent on the activation of the PI3K/Ras/ERK1/2 pathway [23] . BSEP post-translational regulation associated with trafficking and translocation is a paradigm of transporter regulation, since besides the bile acidregulated insertion into the plasma membrane, BSEP also undergoes constitutive recycling independent of bile acid-regulation and is insensitive to inhibitors of PI3K [38] .
To our knowledge this is the first report of post-translational regulation of CNT2 activity associated with changes in its subcellular localization. As previously described, the transduction signal pathway implicated in the bile-acid mediated insertion of BSEP into the plasma membrane is similar to the pathway described in the present study for the insertion of CNT2 into the membrane. Nevertheless, p38 MAPK has also been implicated in regulating BSEP trafficking triggered by bile acids [23, 37] , whereas inhibition of this kinase by SB202192 in our cell models does not block the TCA-triggered effect on CNT2 function, thus suggesting that the pathways leading to BSEP and CNT2 trafficking differ. Moreover, CNT2 is a basolateral transporter [8] and so it is unlikely that CNT2 and BSEP share trafficking pathways to the plasma membrane.
Besides BSEP regulation, bile acids also transcriptionally modulate the expression of the basolateral bile acid transporter NTCP and several enzymes involved in their metabolism [19, 21, 22] . In fact, all biological actions hitherto ascribed to bile acids are exerted on targets that are involved in bile flow regulation. Although bile acids do not appear to transcriptionally activate the SLC28A2 gene that encodes CNT2, their relatively fast effect on CNT2 activity described in the present study is a novel observation in bile acid physiology. There is no established link between CNT2 function and bile acid metabolism. However, it is known that TCA promotes either nucleoside catabolism or nucleoside incorporation into DNA, dependent upon nutritional status [15, 16] , and that CNT2 expression is up-regulated during liver cell proliferation [9] [10] [11] . Nevertheless, as previously described, CNT2 may have additional functions besides nucleoside salvage, as CNT2 is under purinergic control via K ATP channels in hepatocytes [14] and, at least in IEC-6 lines, CNT2-mediated adenosine uptake determines AMPK activation (I. Aymerich, F. Foufelle, P. Ferré, F. J. Casado and M. PastorAnglada, unpublished work). This observation links CNT2 function with oxidative metabolism and suggests a role for CNT2 in cell signalling. CNT2 expression is up-regulated in apoptotic LPS (lipopolysaccharide)-treated macrophages [6] and is also a target of the pro-apoptotic agent TGF (transforming growth factor)-β in hepatocytes (R. Valdés, S. Fernández-Veledo, I. Aymerich, F. J. Casado and M. Pastor-Anglada, unpublished work). Whether CNT2 plays a role in the response of hepatocytes to apoptosis, either favouring it or acting as a survival signal, is currently under investigation. Nevertheless, it is interesting to note that bile acids have been shown to have a dual role in the programmed cell death of hepatocytes, since hydrophobic (DCA and GCDCA) and hydrophilic (TCA and UDCA) bile acids have been considered to promote apoptosis and to up-regulate selected survival mechanisms respectively [39] [40] [41] . Moreover, hydrophilic anions such as UDCA and TUDCA are known to be cytoprotective against oxidative stress [42] and to suppress mitochondrial membrane perturbation [43] . We hypothesize that the differential regulation of CNT2 activity by bile acids contributes to the fine tuning of energy metabolism in hepatocytes, owing to the novel finding of a role for CNT2 in energy metabolism. Although still speculative at this stage, these putative roles merit further research.
Finally, the ability of selected bile acids to up-regulate CNT2 activity may also be relevant to anti-viral therapy. CNT2 is a high affinity transporter for ribavirin [44] , although a comprehensive biochemical analysis of CNT2-ribavirin interactions is not available yet. This nucleoside-derivative is currently used along with IFN (interferon)-α in the treatment of hepatitis C infection [45] [46] [47] [48] . Interestingly, hepatitis C infection has also been treated with high doses of UDCA, leading to a decrease in the level of classical hepatotoxicity markers (i.e. alanine aminotransferase and γ -glutamyl transpeptidase) but without any evidence of anti-viral activity [49] . Whether UDCA improves responses to ribavirin therapy remains to be addressed. In accordance with the present results, an improved response to combination therapy is consistent with the reported role of bile acids in CNT2 activity regulation, thus increasing ribavirin availability.
In summary, the present study describes a novel role for bile acids in the post-translational regulation of the high-affinity adenosine transporter CNT2, involving changes in its subcellular localization. This is also the first demonstration that CNT2-related transport activity is regulated by intracellular transporter trafficking. This functional link between bile acids and CNT2 activity further indicates that this nucleoside transporter might have other physiological roles in addition to nucleoside salvage.
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